This numerical study is aimed at investigating the forced convection heat transfer and flow characteristics of water-based Al 2 O 3 nanofluids inside a horizontal circular tube in the laminar flow regime under the constant wall temperature boundary condition. Five volume concentrations of nanoparticle, 0.1, 0.5, 1, 1.5, and 2 vol.%, are used and diameter of nanoparticle is 40 nm. Characteristics of heat transfer coefficient, Nusselt number, and pressure drop are reported. The results show that heat transfer coefficient of nanofluids increases with increasing Reynolds number or particle volume concentration. The heat transfer coefficient of the water-based nanofluid with 2 vol.% Al 2 O 3 nanoparticles is enhanced by 32% compared with that of pure water. Increasing particle volume concentration causes an increase in pressure drop. At 2 vol.% of particle concentration, the pressure drop reaches a maximum that is nearly 5.7 times compared with that of pure water. It is important to note that the numerical results are in good agreement with published experimental data.
Introduction
Nanofluids are advanced heat transfer fluids containing nanosized particles (typically 1 to 100 nm) dispersed in a conventional liquid, such as water, engine oil, and ethylene glycol. It is well recognized that thermal conductivity of solids is greater than liquids. Thus, the addition of nanoparticles, generally a metal or metal oxide, in a fluid can greatly improve the thermal conductivity of liquids and in turn increase conduction as well as convection coefficients. As expected, these suspended nanoparticles can significantly change the transport and thermal properties of the conventional liquid (base fluid) since nanofluids have substantial higher thermal conductivities compared to the base fluids. The considerable enhancement of forced convection heat transfer has been widely studied in alumina-water-, TiO 2 -water-, and CuOwater-based experimental systems [1] [2] [3] [4] [5] [6] [7] .
Heyhat et al. [6] experimentally investigated the characteristics of laminar convective heat transfer and pressure drop of Al 2 O 3 -water nanofluid under constant wall temperature condition. It was found that the heat transfer coefficient of nanofluid was higher than base fluid (water) and that heat transfer enhancement increased with an increase in Reynolds number and particle concentrations.
Wen and Ding [7] studied laminar flow heat transfer of water-based Al 2 O 3 nanofluids flowing through a circular pipe. Their results showed that heat transfer enhancement was increased by increasing the nanoparticle concentration at constant Reynolds number. Subsequently, Heris et al. [8, 9] experimentally and numerically investigated the forced convection heat transfer of water-based oxide (CuO and Al 2 O 3 ) nanofluids in a circular tube under constant wall temperature condition. Their results also showed that increasing the particle concentration increased the heat transfer augmentation.
Mirmasoumi and Behzadmehr [10] used two-phase mixture model to numerically study the effect of the size of nanoparticles on mixed convection heat transfer of waterbased Al 2 O 3 nanofluids. It was found that when decreasing 2 Mathematical Problems in Engineering the nanoparticles mean diameter, the convection heat transfer coefficient significantly increased.
Sharma et al. [11] investigated the enhancement of convective heat transfer using water-based Al 2 O 3 nanofluids at various Reynolds numbers under constant wall heat flux boundary condition. Their results showed that considerable enhancement of convective heat transfer was found for nanofluids compared to flow with base fluid (water). It was also found that Reynolds number increment increased convective heat transfer.
A lot of experimental and numerical researches have been performed on the heat transfer enhancement of nanofluids compared to base fluid. In most studies, the constant wall heat flux condition was applied [12] [13] [14] [15] [16] [17] . However, there is still a lack of studies on convective heat transfer of nanofluids under the constant wall temperature condition. Therefore, in this study, we aim to numerically investigate the forced convection heat transfer and flow characteristics of waterbased Al 2 O 3 nanofluids flowing through a horizontal circular tube in the laminar flow regime under the constant wall temperature boundary condition. The nanoparticle size is set equal to 40 nm and five particle concentrations of 0.1, 0.5, 1, 1.5, and 2 vol.% are considered. Furthermore, the effect of Reynolds number on convective heat transfer coefficient and pressure drop is investigated and the results are compared with those of Heyhat et al. 's study [6] .
Theoretical Model
In the present study, the single-phase approach, which has been used frequently for nanofluids, is adopted. It is assumed that the fluid phase and particles are in thermal equilibrium and move with the same velocity considering the ultrafine (40 nm) and low volume fraction (≤2 vol.%) of the solid particles.
The following governing equations represent the mathematical formulation of the single-phase model, which includes conservation of mass, momentum, and energy for the flow inside the tube:
(i) conservation of mass,
(ii) conservation of momentum,
(iii) conservation of energy,
In the above equations, ⃗ , , and are, respectively, fluid velocity vector, pressure, and temperature; , , , and are density, dynamic viscosity, thermal conductivity, and specific heat capacity, respectively; subscript nf represents nanofluid property. All fluid properties are calculated at the reference temperature (i.e., the fluid inlet temperature , ).
The physical properties of nanofluid, including density, thermal conductivity, and viscosity, are evaluated as follows.
(i) Density of Nanofluid. Density of nanofluid can be calculated from the mixing theory (Pak and Cho [4] ); that is,
(ii) Specific Heat Capacity nf of Nanofluid. It is assumed that the Al 2 O 3 nanoparticles and the water (base fluid) are in thermal equilibrium. Hence, specific heat capacity nf of nanofluid can be predicted by (5) (Xuan and Roetzel [5] ) as follows:
(iii) Effective Thermal Conductivity of Nanofluid. Effective thermal conductivity of nanofluid can be calculated from the following empirical equation (Heyhat et al. [6] ) based on the curve fit for the experimental data of thermal conductivity; that is,
(iv) Viscosity of Nanofluid. Viscosity of Al 2 O 3 -water nanofluid can also be calculated from Heyhat et al. 's empirical equation [6] ; namely,
The empirical correlating equations for predicting the effective thermal conductivity and viscosity of Al 2 O 3 -water nanofluids are valid for the temperature in the range from 20 to 60 ∘ C and particle volume concentration ranging from 0.1 to 2.0 vol.%. Table 1 presents how the transport properties vary with nanoparticle volume fraction using the empirical correlating equations (4)- (7).
Additionally, the physical properties of Al 2 O 3 nanoparticle are (thermal conductivity) = 42.34 W/m ∘ C, (density) = 3900 kg/m 3 , and (specific heat capacity) = 880 J/kg ∘ C, which can be found in [18] . Water-based Al 2 O 3 nanofluids with various volume fractions (0.1, 0.5, 1, 1.5, and 2 vol.%) are used as input fluids. For comparison purposes, water is also employed. The convective heat transfer coefficient and pressure drop are investigated for various Reynolds numbers in the range of 360 < Re < 2100. Boundary conditions are specified as follows.
The boundary conditions in the simulation are the same as those in Heyhat et al. 's study [6] . In literature [6] , first the flow passed an insulated 50 cm long copper tube, which is sufficiently long for the laminar flow to be fully developed at the inlet of the test section. Therefore, at the inlet of computational domain, hydrodynamically fully developed velocity profile for laminar flow is used, and uniform temperature inlet boundary condition ( , ) is specified. At the outlet, the fully developed conditions prevail; in other words all axial derivatives are zero. Additionally, no-slip conditions and constant wall temperature (100 ∘ C) are imposed on the tube wall. A Computational Fluid Dynamics (CFD) code (FLU-ENT) is used to solve governing equations of laminar force convection heat transfer in horizontal circular tube with constant wall temperature by means of a finite volume method. Figure 1 shows the geometrical configuration used in the simulation. It is a 2.0 m long horizontal tube with 0.005 m inner diameter and is exactly the same as that used in Heyhat et al. 's experiment [6] . GAMBIT model is employed to describe problem which graphs and meshes the spatial domain with size of 2000 × 20, 2000 with length of pipe and 20 with radius.
Numerical simulation is carried out at various Reynolds numbers and particle concentrations (0.1, 0.5, 1, 1.5, and 2 vol.%). The particle size is 40 nm. During the simulation, the residuals of the algebraic discretized equations, resulting from the spatial integration of the conservation equations over finite control volumes, are monitored. Converged solutions are obtained when the residuals for all discretized equations are lower than 10 −6 . Then heat transfer coefficient, Nusselt number, and friction factor are calculated using the following equations [19] :
where ℎ nf , Nu nf , and nf are the average heat transfer coefficient, Nusselt number, and friction factor of the nanofluid, respectively, is the tube length, is the tube diameter (inner diameter), is the mean flow velocity, ( − ) LMTD is the logarithmic mean temperature difference, is the average tube wall temperature, is the bulk (mean) temperature, also, , and , are the inlet and outlet bulk (mean) temperature, and Δ nf is the pressure drop.
Results and Discussion
At first, base fluid (water) is adopted in the CFD simulation for the verification of the numerical method by the comparisons of Nusselt numbers and pressure drops for the fully developed flow condition in a tube. Figure 2 shows the comparison of results as obtained for the average Nusselt number with others' experimental data (Heyhat et al. [6] ) and theoretical solutions (Incroprea et al. [19] ) in the fully developed laminar regime. Equation (9) [19] shows the correlation for average Nusselt number in the fully developed laminar regime under the constant wall temperature condition. As can be seen, the present numerical results coincide with the experiment [6] and theory [19] : Figure 3 presents the pressure drop as a function of Reynolds number for a comparison of the present numerical results, experimental data [6] , and theoretical predictions (Hagen-Poiseuille Law, given by (10)). experimental results [6] and theoretical analysis calculated using Figure 4 shows the numerical prediction for the nanofluid-to-water ratio (ℎ/ℎ ) of average convective heat transfer coefficients versus particle volume concentration ( ) at various Reynolds numbers (Re). As can be noticed, significant increases of the average heat transfer coefficient are found with the use of nanofluids. Also, it is found that the average heat transfer coefficient increases with Reynolds number for a fixed particle volume concentration. Figure 5 demonstrates the comparison between the present numerical results and experimental data [6] for the nanofluid-to-water ratio (ℎ/ℎ ) of average convective heat transfer coefficients as a function of Reynolds number and particle volume concentration. It can be noted that better heat transfer characteristics for nanofluids are found compared to distilled water. That is, the heat transfer coefficient of nanofluid increases by increasing the nanoparticle concentration. As can be found, at Re = 2100, the heat transfer coefficient of the water-based Al 2 O 3 nanofluid with = 2 vol.% is enhanced by 32% compared with that of pure water. Also, it can be seen from (6) and (7) (or Table 1 ), at [6] , and theoretical prediction using (9) [19] for different values of particle volume concentration ( ). = 2 vol.%, that the increase of the thermal conductivity and viscosity is approximately 17% and 59%, respectively. Notably, as shown in this work and Heyhat et al. 's study [6] , if compared at the same Reynolds number, the heat transfer coefficients of nanofluids relative to that of base fluid (water) increase more due to increased viscosity than due to enhanced thermal conductivity. Moreover, the convective heat transfer coefficient is enhanced with increasing Reynolds number for a constant particle volume concentration. It can be seen from Figures 4 and 5 that the heat transfer coefficient of Al 2 O 3 -water increases with increase of volume concentration and Reynolds number. This is attributed to the influence of particle Brownian motion and microconvection of the nanoparticles in the base fluid [17] . Figure 6 shows the numerical prediction for the nanofluid-to-water ratio (Nu/Nu ) of average Nusselt number versus particle volume concentration at various Reynolds numbers. As can be seen, the presence of nanoparticles has considerable effects on the heat transfer characteristics of the mixture. For a given Reynolds number, an increase in the average Nusselt number is observed with the use of nanofluids. It is also found that the average Nusselt number increases with Reynolds number for a constant particle volume concentration. Figure 7 demonstrates the comparison between the present numerical results and experimental data [6] for the nanofluid-to-water ratio (Nu/Nu ) of average Nusselt number as a function of Reynolds number and particle volume concentration. Note that heat transfer enhancement for nanofluids is found compared to distilled water. Under the fixed Re, the Nusselt number is increased by about 12% at = 2 vol.% in comparison to pure water, as shown in Figure 7 . It is observed from Figures 6 and 7 that the addition of nanoparticles in the base fluid causes the enhancement in Nusselt number, which is due to the thermophysical properties of the nanoparticles, Brownian motion, and increased surface area [17] . Figure 8 shows the present simulated values of average Nusselt number for nanofluids compared with the experimental data [6] and the theoretical prediction using (9) [19] . As can be seen, in a laminar flow regime, the average Nusselt number in a nanofluid will always be larger than that of base fluid (water). Also, it is observed that the numerical predictions are in good agreement with the experimental measurement for water-Al 2 O 3 nanofluids. However, (9) cannot predict the measured average Nusselt number well. Figure 9 shows variations of pressure drop ratio of nanofluid to base fluid (Δ /Δ ) with Reynolds number at various nanoparticle concentrations. The results show that pressure drop of nanofluids increases with increasing Reynolds number or particle volume concentration. As can be found, under a fixed Reynolds number, Re = 360, the pressure drop ratio of nanofluid to base fluid at = 2 vol.% is about 5.7. Figure 9 also shows that the numerical predictions are in good agreement with experimentally measured pressure losses. Figure 10 shows the present simulated values of pressure loss of water-Al 2 O 3 nanofluids compared with results obtained by the experiment [6] and the traditional singlephase correlation (10) . In Figure 10 , the predicted values of pressure losses are calculated using (10) at the same Re. At low particle concentrations (0.1 and 0.5 vol.%), the present numerical analysis shows a good agreement with the experimental data [6] and theoretical prediction (10), for pressure losses of nanofluids. However, as particle concentration is higher than 0.5 vol.%, the conventional single-phase correlation cannot predict the pressure drop of nanofluids well.
Moreover, it is noteworthy that Nusselt number and heat transfer coefficient obtained from the present numerical simulation for the nanofluid flow are in good agreement with published experimental data [6] , about a 10% deviation.
Conclusions
In this paper, laminar flow forced convection of Al 2 O 3 /water nanofluid in a circular tube subjected to constant wall temperature is numerically studied. The results show that heat transfer coefficient of nanofluids increases with increasing Reynolds number or particle volume concentration. The maximum heat transfer coefficient enhancement is about 32% with 2 vol.% nanoparticle concentration for water-based Al 2 O 3 nanofluid compared with that of base fluid (pure water). Increasing nanoparticle concentration leads to an increase in pressure drop for nanofluids. The maximum pressure drop ratio of nanofluid to base fluid at particle volume concentration of 2 vol.% is about 5.7. It is noteworthy that the present numerical results show a good agreement with previous published experimental data [6] . 
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